Abstract Aquilaria malaccensis is a tropical tree which produces agarwood in its trunk often after being wounded and attacked by pathogens or insects. Fungi are generally viewed as the main microbial component responsible for agarwood formation. In this study, isolation of fungi from agarwood in damaged trees was carried out. Culture morphology and microscopic characteristics plus PCR amplification of the internal transcribed spacer (ITS) region from the fungal isolates as well as wood samples, were used to identify the fungal community composition of wounded A. malaccensis trees from a natural forest in West Malaysia. Conventional culture methodology revealed Cunninghamella, Curvularia, Fusarium and Trichoderma species as members of the agarwood community. Analysis of genomic DNA confirmed the identifications. When wood samples were used directly in PCR, an additional Lasiodiplodia species was identified. Neighbor-joining trees were constructed to examine the relationships between the isolates sequence data and reference sequences in GenBank. Five distinct clades resulted, supported with high bootstrap values, indicating the presence of five distinct taxa. The wounded trunks of A. malaccensis in the natural environment harbor multiple fungal taxa that exist in a complex system as a whole or in succession leading to agarwood production in the tree trunk.
Introduction
Aquilaria malaccensis Lam. (Thymelaeaceae) is a mediumsized tree of about 30 m in height. The bark is usually dark to pale grey, smooth, entire, becoming finely and irregularly fissured, while the inner bark is usually cream-white, soft, striping in long pieces and glabrous. The wood is light, soft, and usually shows no distinction in colour between sapwood and heartwood (Chakrabarty et al. 1994 ). In the Southeast Asia region, the family commonly occurs in the lowland forests of Malaysia, Myanmar, Sumatera, Borneo Island and the Philippines (Lok et al. 1999) .
Aquilaria malaccensis is the major producer of agarwood in Malaysia. Agarwood emits a wonderful fragrant when the wood containing this resin is burnt. Because of this unique property, agarwood is used as an ingredient in manufacturing perfumes and incenses. Agarwood has been used in traditional medicines over many generations, and recently has been included in pharmaceutical products to treat many illnesses including coughs, acroparalysis, asthma and as an anti-histamine (Kim et al. 1997; Bhuiyan et al. 2009 ). Agarwood formation takes place in the stem or main branches of the tree where an injury has occurred. It is believed that the tree is first attacked by a pathogenic fungus, which causes it to weaken. Other factors such as tree age, genetic background, seasonal and environmental variation, may be important in agarwood formation (Ng et al. 1997) .
For hundreds of years, agarwood has been harvested from forests, and this has resulted in decline in the number of Aquilaria trees. As a result, all species of Aquilaria including A. malaccensis have been listed in Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES 1994) . In addition, the International Union for the Conservation of Nature (IUCN) in 2002 classified this species as 'vulner-able' (IUCN 2002) . One way to conserve this valuable tree taxon would be to produce agarwood in a sustainable manner by mass planting the trees and collecting agarwood in non-destructive manner. This also includes inducing agarwood formation in trees using artificial methods with the help of microorganisms.
In this study, wood samples were collected from a forest reserve in Malacca, West Malaysia, from A. malaccensis trees that had been wounded or injured by the native people using traditional means in their attempt to gather agarwood. Over time, the wounded site became infected by endemic fungi, which challenged the tree to produce agarwood. Wood colours changed from white-cream to dark brown or black. When flamed, the dark wood produced a distinct fragrance that is unique to agarwood.
Here, we report on the fungal community composition in the wounded stems of A. malaccensis using a standard culture method. Fungal communities were also identified directly from the wood samples using PCR technique and primers designed from the highly variable ITS regions in the ribosomal DNA. The ITS region is relatively short (500-800 bp) and has been successfully used in molecular characterization studies in fungi (White et al. 1990) . A large variety of primers currently exist for the amplification of different regions of fungal DNA (White et al. 1990; Smit et al. 1999; Borneman and Hartin 2000) . Target regions for sequence-based approaches ideally would show sufficient conservation among fungi to allow cross-species amplification. It also allows robust discrimination between closely related species (Andrew et al. 2008) . In addition, the multicopy nature of the rDNA repeat makes the ITS region easy to amplify from small, dilute or highly degraded DNA samples (Gardes and Bruns 1993) . For example, differences in ITS sequences have been used to develop PCR-based assays for the detection of many phytopathogenic fungal species in host plants without previous isolation of the fungi (O'Brien et al. 2009; Thomas et al. 2009 ). We applied the same technique in our attempt to study the diversity of fungal species harboring wounded stems of A. malaccensis showing evidence of agarwood presence. The species we identified could be candidate pathogens that are responsible for agarwood formation in A. malaccensis. They can be manipulated to induce agarwood production in plantationgrown trees. Further studies should test these isolates for agarwood formation.
Materials and methods

Source of samples
Mature A. malaccensis trees were identified from a Forest Reserve at Sungai Udang, Malacca, Malaysia (2°19′N, 102°8 ′E). The trees were all within walking distance, in a boundary of 100 m in radius. Trees with slash marks were selected. It was estimated that they had been wounded within the past six or eight months; however the exact time of wounding could not be ascertained as it was performed by the native people. Normally, the trees were wounded at breast height-the tree bark was first removed followed by the inner-bark, and then the stem was severely hacked with a 'parang' (long knife) or axe. A total of nine wounded trees were selected and from each tree, two types of wood samples were taken using an axe or chisel: 1) dark wood containing resin (R), and 2) white wood (W) (Fig. 1) . Each sample was chipped into 2×4 mm pieces. Dark wood was flamed using a lighter to check for agarwood fragrance. Wood chips were collected and placed in sterile microcentrifuge tubes. Samples were transported back to the laboratory on ice and they were immediately processed whenever possible or stored at 4°C.
Fungal isolation and identification
Wood chips were surface-sterilised in 10% sodium hypochlorite for 5 min followed by several rinses in sterile distilled water. Isolation of fungi was accomplished by placing the wood chips on potato dextrose agar (PDA, Becton Dickinson, USA), prepared according to the manufacturer's instructions. The antibiotics streptomycin sulphate and chloramphenicol, were added each to a final concentration of 50 μg/mL, to inhibit bacterial contamination. For each sample type, four wood chips (replicates) were plated. Plates were kept at room temperature (26°C) for 7-14 days. When colonies appeared, they were sub-cultured into fresh plates containing the same medium and allowed to grow for 14 days before they were subjected to morphological examination. For long-term storage, fungal cultures were maintained in slants of the Fig. 1 A wood sample collected from wounded stem of Aquilaria malaccensis. The sample was further sectioned based on colour characteristics and used in conventional fungal isolation procedure and PCR analysis. R=dark brown wood indicating the presence of agarwood, W=normal white wood same medium in sterile McCartney bottles. To examine fungal structures, the culture was transferred into a drop of 0.01% cotton blue in 60% lactic acid on a microscope slide using a sterile loop or needle. The slide was then observed under a light microscope (Meiji, Japan).
Genomic DNA isolation
Genomic DNA samples were isolated from wood chips (R and W) and mycelium collected from 7-to 14-day old cultures growing on PDA agar plates, using the DNeasy Plant Mini Kit (Qiagen, USA). A total amount of 0.2 mg wood sample or fungal mycelium was disrupted using mortar and pestle in liquid nitrogen. Powdered sample was transferred to a 1.5 mL microcentrifuge tube and processed according to the manufacturer's protocol. The DNA samples were stored at −20°C.
PCR amplification and sequencing
Amplification of the internal transcribed spacer (ITS) region in the ribosomal DNA was performed following the method of Gardes and Bruns (1993) . The forward primer was ITS1-F (5′ CTT GGT CAT TTA GAG GAA GTA A 3′) and the reverse primer was ITS4-B (5′ TCC TCC GCT TAT TGA TAT G 3′). PCR reaction was prepared in a total volume of 25 μL and contained 10 mM of each dNTP, 2 mM MgCl 2 , 1x PCR Buffer, 0.6 U of Taq DNA polymerase (Invitrogen, USA), 0.8 μM of each primer, and approximately 10-30 ng of total DNA template. PCR amplification was performed in a thermal cycler (My Cycler TM Thermal Cycler, Bio-Rad, USA) following the cycling parameters of Gardes and Bruns (1993) , briefly as follows: an initial 94°C denaturation for 85 s, followed by 35 amplification cycles. The first 13 cycles were 35 s of denaturation at 95°C, 55 s of annealing at 55°C, 45 s of extension at 72°C. Cycles 14-26 and 27-35, used the same parameters except the extension steps were lengthened to 120 and 180 s, respectively. A final extension followed at 72°C for 10 min. PCR products were analyzed on 1% agarose gel and stained in 1 μg/mL ethidium bromide for 15 min and destained in distilled water. The gel was visualized under a UV transilluminator and the image was captured by a gel documentation system (Alpha Innotech FluoroChem TM Imaging System, USA). PCR fragments of the expected size was excised from the agarose gel with a clean and sharp scalpel. The DNA was cleaned up from any enzymatic reactions using the QIAquick Gel Extraction Kit (Qiagen, Germany) and stored at −20°C.
Sequencing and phylogenetic analysis
Sequencing was performed by a commercial lab using the ITS4-B primer. Sequencing reactions were electrophoresed on an ABI 3730 XL automated sequencer (Applied Biosystems). Chromatograms were visually checked and edited using the BioEdit software (DNAstar Lasergene software, Madison, WI, USA; http://www.mbio.ncsu.edu/ BioEdit/bioedit.html). Sequences were then analysed using the BLAST algorithm software at the National Center for Biotechnology Information (NCBI) website (http://www. ncbi.nlm.nih.gov) to identify the PCR products. The obtained sequences and reference sequences from the GenBank were aligned using CLUSTALW. We then performed a neighbor-joining phylogenetic analysis on these alignments using MEGA version 4 (Tamura et al. 2007 ). Bootstrap analysis was carried out with 1,000 datasets.
Results
Fungal identification and distribution
Wood chips were collected from nine wounded A. malaccensis trees (T1 to T9) growing naturally in a Malaysian tropical forest. All trees were adult, tested positive for agarwood (by burning small chips of dark wood) and had a diameter at breast height of more than 30 cm. Samples analysed were resinous wood (R), which was dark brown, and white wood (W), which was natural wood colour for A. malaccensis (Fig. 1) . A total of 72 wood chips were plated on PDA plates and from that 52 fungal isolates were obtained and subcultured.
Examinations on pure cultures and spores revealed that the fungal isolates were mainly from the genus Cunninghamella (initially identified as Mucor), Curvularia, Fusarium and Trichoderma (Table 1 ). An unidentified sporulating culture was also recorded. The most common species from the wounded A. malaccensis trees were Fusarium sp. and the mycelia sterilia species. Among the Another three trees (T1, T2, and T7) only contained Fusarium sp. Fungal colonies were isolated from the wood chips regardless of the wood physical characteristics (R or W). For example, in T3, Trichoderma sp. was isolated from both types of wood chips, while Cunninghamella sp. was isolated only from the white wood. Likewise, in T1, T3, T4, and T5, Fusarium sp. was found in both white and coloured wood. Although different fungi had been isolated from the coloured wood, no direct relationship between fragrance and fungal species could be discerned. This is one aspect that could be further explored.
Sequence analysis
Morphological studies revealed five taxa that colonized wounded A. malaccensis trees, including an Unidentified species. The fungal taxa colonised a single tree individually, or in combination of up to three species. To confirm the identifications, we analysed genomic DNA from pure culture and wood samples from which the fungal isolates were first identified. Samples analysed were wood chips from T3, T5, T8, and T9, and their different fungal isolates. All samples amplified the ITS region within the ribosomal DNA and yielded a single 600-700 bp DNA fragment, which was sequenced. Comparison of the sequences with the NCBI database showed seven of the 12 sequences to have 97% or higher similarity to a known sequence (Table 2) . A sequence from wood sample T3-R had 81% similarity with Fusarium solani, while the Fusarium sp. isolated from the same wood had 99% similarity to this species (Table 2) . PCR performed directly on pure cultures and wood samples from where the cultures were isolated yielded similar sequences. Sequences from wood sample T3-W had high similarity to Cochliobolus lunatus (97%), the teleomorphic state of Curvularia lunatus. We isolated Curvularia lunatus from the white wood of T5. This species was present in two out of the nine wounded A. malaccensis trees.
ITS sequence of pure cultures provided further verification of the identity of the cultured microorganisms. Sequencing of Trichoderma pure cultures isolated from T3-W and T9-R revealed high similarities to a Hypocrea lixii sequence, at 98% and 100%, respectively. The fact that Hypocrea is the teleomorph stage of Trichoderma sp. supported our culture-based identification. Sequence analysis of wood sample from T8-R showed 81% similarity to a Lasiodiplodia theobromae sequence (Table 2) . When analysing the sequence of an Unidentified sp. cultured from the same resinous wood, we obtained similar result. The Unidentified sp. had 100% similarity to L. theobromae bringing us to conclude that it was indeed L. theobromae. In addition, another Unidentified sp. with similar colony morphology cultured from T9-R also yielded a L. theobromae sequence.
Phylogenetic analysis
We analysed the relationship of the obtained sequences with reference sequences in GenBank. The isolates formed five distinct clades (Fig. 2) On comparing the two identification techniques, fungal taxa that were identified via ITS sequencing complemented those observed through culturing. However, the identity of L. theobromae was obtained by sequencing directly from wood samples as we were not familiar with its culture characteristics.
Discussion
Culture-based methodology allowed us to identify some common fungal isolates from wounded stems of A. malaccensis. However, because our samples were from the natural environment, there is a chance of contamination in the isolation process. In addition, multiple colonies may form on the plates, including those belonging to opportunistic fungi, thus preventing actual pathogens or slow growing fungi from growing (Hyde and Soytong 2008) . Consequently, fungi that are slow to grow will be outcompeted by the fast growers or will go undetected by this technique (Hyde and Soytong 2008) . Therefore, we employed a direct sequencing method to overcome limitations of the cultivation-based method. Direct sequencing has been used in several other studies (e.g. DGGE, Duong et al. 2006; Tao et al. 2008; Clones libraries, Seena et al. 2008 
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Cunninghamell T-3-W- Table 2 . Sequences from the reference taxa have their GenBank accession number listed in parentheses. Bootstrap values (%) are presented at each node subtropical zones. It has also been recovered from animal material, cheese, and Brazil nuts (Larone 1995) . The sequence results showed that DNA method can support culture methods in fungal identification and can be used to identify fungal species directly from the wood sample without having first to culture the organism. In this work, we extracted DNA directly from wood by PCR to obtain ITS sequence data. In most cases when using white wood samples, a higher percentage in sequence similarity to reference sequences was obtained. However, this is not so when using DNA from resinous or dark wood. For example, wood sample T5-R was found to yield a sequence that had only 67% similarity to F. solani (Table 2) . Low percentage in similarity was also observed for wood samples T8-R and T9-R. The fact that all three sequences were amplified directly from resinous wood, which is rich in secondary metabolites suggested that the resins could had interfered with the enzymatic processes in PCR and sequencing steps, resulting in sequencing errors. Another possibility would be the presence of different ITS sequences in the PCR product. A better way to do this is to clone the different fragments. However the abundance of a single fungal species in the resinous wood would probably hinder the cloning process of infrequent species. Cloning and sequencing of individual clones would definitely give a better sequence reading but would be costly.
We had isolated and identified several fungal species inhabiting wounded A. malaccensis trees in a tropical forest. We assume that these wounds were the entry points for natural microorganisms to colonise the tree. Culturing revealed that 46% of the isolates were Fusarium sp. and 35% were Lasiodiplodia sp. indicating that the wounded trees were predominantly occupied by these two taxa, followed by Trichoderma sp. (13%) ( Table 1) . Cunninghamella sp. and Curvularia sp. were rare. When comparing dark and white wood chips, there was no indication that one type of wood chip had more diverse mycota than the other. However, the frequency of isolates revealed that Fusarium sp. (33%) and Lasiodiplodia sp. (23%) were isolated more often from dark rather than white wood chips. It is also less likely to find Cunninghamella and Curvularia in the wounded stem as the frequency of these isolates were extremely low (<2%) in both types of wood. This indicates that they might have little or no role in resin formation, or perhaps have a role at different times.
It is not clear from this study whether we are isolating saprobes entering wounds or endophytes present within the wood that have changed lifestyles to saprobes. Oses et al. (2008) showed that several endophytes were present in the wood of four healthy Chilean tree species, while Promputtha et al. (2007) have shown a strong link between endophytes and saprobes. Aquilaria sp. has been reportedly to harbor endophytic fungi on their healthy shoots, stems and roots. Endophytic fungi from the genera Fusarium have been isolated from Aquilaria sinensis, also an agarwood-producing tree, collected from the Yunnan Province, in the southwest of China (Gong and Guo 2009) . A total of five endophytic actinomycetes have been isolated from A. crassna grown in a plantation in Thailand (Nimnoi and Pongsilp 2009) . The actinomycetes were found to produce plant growth promoters such as indole-3-acetic acid and ammonia. Lasiodiplodia theobromae is another endophyte and has been isolated from several tree species including cocoa (Mbenoun et al. 2008) , however, the taxonomy of this group is unsettled (Alves et al. 2008) .
Endophytes have been found in most vascular plant species including medicinal plants, and have been isolated from diverse plant tissues such as bark, leaves, seeds, petioles, fruits, wood and spines (Arnold et al. 2000; Hu et al. 2007; Sanchez Marquez et al. 2008; Huang et al. 2009; Tejesvi et al. 2009 ). Endophytes can be defined as any microorganisms that do not cause harm to plants and can be isolated from surface-sterilised plant parts or from the inner tissues of plants (Oses et al. 2008; Huang et al. 2009; Nimnoi and Pongsilp 2009 ). The microorganism may establish an endosymbiotic relationship with the host plant, by improving and promoting plant growth and help to reduce disease symptoms caused by pathogens or environmental stress (Hasegawa et al. 2006; Giordano et al. 2009; Nimnoi and Pongsilp 2009) . Our isolates could be categorised as endophytic fungi of A. malaccensis using this definition. Agarwood is referred to as a pathological product formed as a defence symptom against fungal infection and is found in wounded woody tissues rather than in normal tissues (Jiang et al. 1995; Qi 1995) . The fact that we were able to isolate all five fungal taxa from normal white wood (Table 1) , i.e. non-resinous wood, provides evidence that these isolates exist in the normal wood itself. We speculate that wounding allows oxygen bursts into plant tissues that disrupt the living cells. The host responds to the stress by producing extractives containing aromatic terpenes or agarwood. Wounding also allows certain fungi to proliferate in the host tissue and this exacerbates the stress situation. Endophytic fungi that become pathogen later on are described as latent pathogens (Brown et al. 1998; Photita et al. 2004) . Two of our isolates from the genera Fusarium and Lasiodiplodia, which were found more frequently in the dark wood when compared to white wood, may fall under this category. Although all these are interesting ideas, their status as endophytes must be first confirmed, and secondly their actual role in agarwood formation must be further explored.
Few workers have studied the role of decay fungi in agarwood formation (Bose 1934; Battacharyya et al. 1952; Jalaluddin 1977; Venkataramanan et al. 1985; Beniwal 1989; Tamuli et al. 2000; Mitra and Gogol 2001) . No reports have been made so far to indicate any involvement of endophytic fungi. It is thought that sources of inocula come from the soil or diseased tissues in the same or neighboring trees and that spores are dispersed by wind, water, or insects. Studies have shown that fungal species such as Aspergillus sp., Botryodiplodia sp. (Lasiodiplodia sp.), Diplodia sp. Fusarium bulbiferum, F. laterium, F. oxysporum, Penicillium sp., Pythium sp. and Trichoderma sp., are common fungi that can infect Aquilaria spp. (Wiriadinata 1995; Soehartono and Mardiastuti 1997) . However, the species that are critical to inducing resin production in a specific host remains elusive. The effects of some isolates in agarwood formation have been tested by imitating the natural process. For example, Epicoccum granulatum that was originally isolated from infected Aquilaria wood had been tested on the standing stems of Aquilaria (Battacharyya et al. 1952; Sadgopal 1960; Verma 1977) . Although the possibility of inducing agarwood formation by deliberately infecting trees with fungal isolates has been postulated, it has not yet been possible to achieving this goal.
The wounded stems of A. malaccensis harbor fungi of diverse species. There was no difference in fungal species composition between coloured and white wood collected from the same wounded site. However, the abundance of each species might vary between the two types of wood samples. Culturing and sequencing of ITS regions directly from wood samples indicated that two species, Fusarium and Lasiodiplodia, were present abundantly in resinous wood when compared to white wood, while Trichoderma, Cunninghamella and Curvularia occurred sporadically. Our results suggested that the role of Fusarium and Lasiodiplodia in agarwood production need to be studied further.
